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The enhancement observed below 2 MeV in the radiative strength function
of nuclei near closed shells is explained by shell model calculations as M1
transitions between excited states. In the open-shell a change to a bimodal
structure composed of the zero energy spike and a scissors resonance is found.
The features are caused by realignment of high-j orbitals.
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1. Introduction
Photonuclear reactions and the inverse radiative-capture reactions between
nuclear states in the region of high excitation energy and large level den-
sity are of considerable interest in many applications. Radiative neutron
capture, for example, plays a central role in the synthesis of the elements in
various stellar environments, for next-generation nuclear technologies, and
as the transmutation of long-lived nuclear waste.
A critical input to calculations of the reaction rates is the average
strength of the cascade of γ-transitions de-exciting the nucleus, which is
described by the radiative strength function. An increase of the dipole
strength function below 3 MeV toward low γ-ray energy has recently been
observed in nuclides in the mass range from A ≈ 40 to 100. As an example,
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Dipole strength in 94Mo
Dipole strength function
f1 = σγ/[3(πh¯c)
2Eγ]
f1 = Γ ρ(Ex , J)/E
3
γ
(γ, γ’) up to 4 MeV:
N. Pietralla et al., PRL 83, 1303 (1999)
Absorp'on	from	the	ground	state	
N.	Pietralla	et	al.	PRL	83	(1999)	1303	
M.	GuCormsen	et	al.	
PRC	71	(2005)	044307		
Low-energy	magne'c	radia'on	
																			What	is	it?	
LEMAR	
?	
?	
?	
Fig. 1. (Color online) Left: Reduced absorption probabilities from the ground state by
(γ, γ′) experiments1. Right: Strength function for γ de-excitation after the (3He,3He’)
reaction2.
Fig. 1 shows the γ strength function obtained from (3He,3He’) reactions
on various Mo isotopes. The enhancement is not observed in the inverse
process of absorbing γ-quanta by nuclei in the ground state. Only few dis-
crete lines are found within the interval of the first 4 MeV. The question
arises which is the origin of the radiation enhancement and how does it
depend on the N and Z. Refs.3,4 showed that the low-energy enhancement
may increase the neutron capture rate in the stellar r-process environment
up to a factor 100-1000. The dominant dipole character of the low-energy
strength was demonstrated in Ref.5 and an indication for an M1 character
was discussed for the case of 60Ni6.
2. The LEMAR spike
Our Shell Model studies of the Mo isotopes explained the enhancement
as Low Energy MAgnetic Radiation (LEMAR) generated by transitions
between excited states few MeV above yrast7. The Shell Model calcula-
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Fig. 2. (Color online) Left: Average B(M1) values in 100 keV bins of transition energy
calculated for positive-parity (blue squares) and negative-parity (red circles) states in
94Mo. The inset shows the low-energy part in logarithmic scale. Right: Average B(M1)
values in 100 keV bins of excitation energy calculated for positive-parity (blue squares)
and negative-parity (red circles) states in 94Mo. From7.
tions included the active proton orbits pi(0f5/2, 1p3/2, 1p1/2, 0g9/2) and the
neutron orbits ν(0g9/2, 1d5/2, 0g7/2) relative to a
68Ni core. A set of empir-
ical matrix elements for the effective interaction and effective g-factors of
geffs = 0.7g
free
s have been used. The calculations included states with spins
from J = 0 to 6 for 90Zr and 94Mo and from J = 1/2 to 13/2 for 95Mo.
For each spin the lowest 40 states were calculated. The reduced transition
probabilities B(M1) were calculated for all transitions from initial to final
states with energies Ef < Ei and spins Jf = Ji, Ji±1. This resulted in more
than 14000 M1 transitions for each parity pi = + and pi = −, which were
sorted into 100 keV bins according to their transition energy Eγ = Ei−Ef .
The average B(M1, Eγ) value for one energy bin was obtained as the sum
of all B(M1) values divided by the number of transitions within this bin.
The results for 94Mo are shown in Fig. 2. The left panel demonstrates
appearance of the LEMAR spike, which exponentially decreases with the
transition energy Eγ . The exponential dependence on the transition energy
is retained by the M1 strength functions, which are defined by the relation
fM1(Eγ) = 16pi/9(~c)−3B(M1, Eγ)ρ(Ei), (1)
where the level density at the initial state ρ(Ei) is obtained from the Shell
Model calculations.
As seen in the right panel of Fig. 2, LEMAR is generated by transition
originating from states between 2 and 6 MeV. Inspecting the composition
of initial and final states, we found large B(M1) values for transitions
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LEMAR	is	generated	by	realignment	of	high-j	orbitals	at	the	Fermi	surface.	
This	is	the	case	for	the	majority	of	nuclei.		
LEMAR	observed	
Data	inconclusive	
LEMAR	predicted	
widespread	phenomenon	
Fig. 3. (Color online) Experimental presence of the LEMAR spike and predictions by
Shell Model calculations.
between states that contain a large component (up to about 50%) of the
same configuration with broken pairs of both protons and neutrons in high-
j orbits. The largest M1 matrix elements connect configurations with the
spins of g9/2 protons re-coupled with respect to g9/2 neutrons to the total
spin Jf = Ji, Ji ± 1. These orbitals have large magnetic moments. Large
M1 matrix elements connect configurations which differ by only the angular
momentum projection of these high-j orbitals. Our Shell Model studies of
56,57Fe8 and 60,64,68Fe9 found also the LEMAR spike, which is generated
by reorientation of f7/2 proton holes and g9/2 neutrons. High-j particle
or hole orbitals with j = l + 1/2 have the largest magnetic moments. As
they appear near the Fermi level all over the nuclear chart one expects that
LEMAR spike is omnipresent as well.
The left panel of Fig. 4 shows the logarithm of the level density. At low
energy the level density follows the constant temperature expression ρ(E) =
ρ0 exp(E/T ). Above 4 MeV the level density is underestimated because of
the truncation of the configuration space. The right panel demonstrates
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Fig. 4. (Color online) Left: Shell Model calculation7 of the level density (left) and
average B(M1) values of 94Mo. The straight lines have the slope ±1/T , T = 0.66 MeV.
that the exponential decrease of the LEMAR spike is consistent with T
derived from the level density. For the Mo isotopes there is consistency
between the value of T ≈ 0.8 MeV derived from the experimental level
densities10 and from the LEMAR spike of the γ strength functions2. As
illustrated by Fig. 7 below, the consistency also holds for the experimental
level densities and γ strength functions of 151,153Sm.
3. Consequences of deformation and properties of the
Scissors Resonance
In our Shell Model studies of 60,64,68Fe9 we investigated the influ-
ence of quadrupole correlation on LEMAR. The calculations were car-
ried out in the CA48PN model space with the CA48MH1 Hamilto-
nian using the code NuShellX@MSU. The model space included the
pi(0f
(6−t)
7/2 , 0f
t
5/2, 1p
t
3/2, 1p
t
1/2) proton orbits with t = 0, 1, 2, and the
ν(0fn55/2, 1p
p3
3/2, 1p
p1
1/2, 0g
g9
9/2) neutron orbits. The calculations of M1
strengths were carried out in the same way as for the Mo isotopes. They
included the lowest 40 states each with spins from Ji, Jf = 0 to 10, which
resulted in more than 22000 M1 transitions for each parity. Effective g
factors of geffs = 0.9g
free
s were applied.
The comparison with the experimental B(E2, 2+1 → 0+1 ) values in
the Table included in Fig. 5 shows that the calculations reproduce the
quadrupole collectivity in the considered isotopic chain, in particular the
enhancement observed around N = 40. The respective experimental ratios
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A 60 64 68
E(2exp+ )[keV ] 823 746 522
E(2SM+ )[keV ] 779 589 616
B(E2)exp[e2 fm4 ] 190 344 450
B(E2)SM [e2 fm4 ] 368 406 406
β 2
exp
0.33 0.45 0.51
β 2
SM
0.46 0.49 0.49
Fig. 5. (Color online) Calculated average B(M1) values for the positive parity states
in 60,64,68Fe. The table compares the calculated properties of the first 2+ state with
experiment.
E(4+)/E(2+)=2.57, 2.36, 2.66, which are well accounted for by the calcu-
lations E(4+)/E(2+)=2.56, 2.68, 2.43, indicate the transitional character
of the ground state bands of all considered isotopes.
The comparison of the B(M1)(Eγ) values of the various isotopes shows
that the shape of the distributions changes when going from N = 34, four
neutrons above the closed shell, to N = 42, the middle of the fpg shell.
One observes a weakening of the LEMAR spike and the development of
a bump in the range from about 2 to 5 MeV, which is most pronounced
in 68Fe. We interpret this bump as the Scissors Resonance (SR) built on
excited states.
Fig. 6 shows the M1 strength functions for 60,68Fe, which were calcu-
lated using level densities from the Shell Model calculations. Like the av-
erage B(M1) values they develop the bimodal LEMAR-SR structure when
going to the middle of the open shell. The integrated strength deduced
from the strength functions below 5 MeV varies by only 8% at most from
an average of 9.80 µ2N . The slight increase with N is attributed to the
progressive occupation of the g9/2 shell for N = 34, 38, 42. That is, the
bimodal structure develops with increasing N by shifting strength from the
LEMAR spike to the SR while the sum stays nearly constant.
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Fig. 6. (Color online) Calculated M1 strength functions (f1) and E2 strength functions(
f2E2γ
)
in 60,68Fe. Note the factor of 10 for E2. The numbers quote the integrated
strength for the LEMAR spike
(∫ 2
0 f1(E)dE
)
and the Scissors Resonance
(∫ 5
2 f1(E)dE
)
.
The vertical lines indicate the respective integration regions. For 68Fe the sum of the
M1 strength from the ground state to all 1+ states is
∑
B(M1, 0+1 → 1+) = 1.7µ2.
For comparison, the standard E1 strength function with parameters
taken from the RIPL data base and E2 strength functions f2 obtained from
the present calculations are also shown in Fig. 6. The latter were multiplied
with E2γ to be directly comparable with the dipole strength functions f1.
The E2 strength f2E
2
γ is more than one order of magnitude smaller and the
E1 strength exceeds the M1 strength only at energies greater than 6 MeV.
The strength functions deduced by means of the Oslo method from
high-resolution experiments by A. Simon et al.4 showed for the first time
the LEMAR spike down to about Eγ = 1 MeV as well as a SR around
3 MeV in one nuclide. Fig. 7 displays the results together with a table
of the properties of the 2+ states of the neighbors, which demonstrate the
well deformed nature of the nuclides. Thus we conclude that the bimodal
LEMAR-SR structure is a general feature expected for all deformed nuclei.
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A 150 152 154
E(2exp+ )[keV ] 334 122 82
B(E2)exp[e2 fm4 ] 1350 3460 4360
β 2
exp
0.19 0.30 0.34
LEMAR	
BM1~10μ2	
Scissors	Resonance,	BM1=7.8μ2					152Sm:	ΣB(M1,	0+1->1+)=3.0μ2	
Fig. 7. (Color online) Experimental level densities (left) and γ strength functions (right)
of 151,153Sm measured and derived by means of the Oslo method4. The dashed lines
show a fit of three Lorentzians (GDR, M1GR, SR) to the γ strength functions. The
temperature T derived from the slope of the level density (left) is used to extrapolate
the LEMAR spike to Eγ = 0. The sum of the M1 strength from the ground state to all
1+ states is quoted at the bottom.
Fig. 8 illustrates how the development of the bimodal LEMAR-SR
structure can be attributed to the onset of stable quadrupole deformation
above the yrast line when entering the open shell. The mechanism caus-
ing large B(M1) values is reorientation of the high-j single-particle angular
momenta. Without deformation this occurs between the various configura-
tions of the nucleons in an incompletely filled j-shell, h11/2 in the example,
which generates the LEMAR spike as suggested in Ref.7 and discussed
above. The magnetic (m) substates of the high-j multiplet split with the
onset of deformation. Reorientation occurs in two different ways. First,
there are the real transitions between the m-substates. Particle-hole exci-
tations of this type are known to generate the SR11. As seen in Fig. 8,
the splitting between the m-states corresponds to the position of the SR
for ε = 0.3. Second, there are the virtual excitations from the occupied to
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Fig. 8. (Color online) Transitions that generate the LEMAR spike and the Scissors
Resonance. The energy scale is ~ω0=7.7 MeV for A =153.
the empty m-states. These are known generating the rotational motion of
deformed nuclei. Along a rotational band the angular momentum increases
by a coherent gradual alignment of the spins of the nucleons in the de-
formed orbitals, which is described by the virtual particle-hole excitations
between the m-states. As discussed in our paper9, the rotational coherence
is only partially realized for the transition between the states several MeV
above yrast. With increasing deformation, the LEMAR spike changes from
incoherent thermal-like radiation to partially coherent rotational radiation.
The onset of damped rotation can be seen in the E2 strength function for
68Fe shown in Fig. 6. The bump at 1.2 MeV is generated by stretched E2
transitions with Eγ = 2I/J , where J ≈ 12 MeV−1 is close to the rigid
body moment of inertia. The LEMAR spike of 68Fe in Figs. 5 and 6 devi-
ates from the exponential form at the lowest energies, which can be traced
back to the presence of an rotational component with Eγ = I/J .
In (γ, γ′) experiments 1+ states are excited from the ground state that
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group to the SR in deformed nuclei. In the case of 68Fe the summed strength
of these transitions is calculated to be
∑
B(M1, 0+1 → 1+) = 1.7 µ2. The
integral of the strength function between 2 and 5 MeV amounts to 6.6 µ2,
which is three and a half times larger (see Fig. 6). From their experiment on
151,153Sm, Ref.4 assigned an integrated strength of 7.8 µ2 to the SR, which
is two and a half times larger that the summed strength of the excitation of
the SR from the ground state of 152Sm (see Fig. 7). A similar enhancement
of the SR strength in the γ decay as compared with the excitation of the
SR from the ground state by (γ, γ′) experiments has been reported before
(see Ref.4 for references).
The origin of the enhancement of the transition strength is an increase
of transitions from excited states as compared to 0+1 → 1+. For example
in 68Fe,
∑
B(M1, 0+2 → 1+) = 3.4µ2. We attribute the larger summed
strengths between excited states to a suppression of the pair correlations
with increasing excitation energy, i.e. the thermal quenching of pairing.
Pair correlations tend to couple the high-j orbits to zero spin, which ob-
structs the reorientation that generates the M1 radiation.
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